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(Beijing)Abstract This small modern river system is located on a relatively ﬂat (about 1e2), unconsolidated sandy
pediment surface in the Uinta Basin of Utah, USA, and it is with a scale of about 30 m long and 0.4e0.8 m wide,
similar as a natural ﬂume experiment model. The small stream is informally divided into upstream, midstream
and downstream. The analysis shows that ﬂood discharge inﬂuences channel sinuosity and morphology to
produce an initial meandering pattern which is later changed to a braided and then a straight pattern in the
downﬂow direction.
The upstream segment has a high sinuous geometry dominated by both erosion (cutbanks) and deposition
(point bars). In the resistance of sporadic vegetation rooting in banks, the upstream ﬂood deviates its original
direction, which results in the powerful ﬂood intensively eroding the cutbank and accreting clastics to build
point bars, and thus producing a high sinuous channel.
The midstream is dominated by deposits (many small bars) with a moderate to low sinuosity. Due to the bad
drainage of the high sinuous channel in the upstream, the strong ﬂood can cut off the point bar completely or
even surmount the levee in the last meandering upstream, which widens the channel suddenly with a quick
decreasing current power. Then, the clastics from the upstream are unloaded in the midstream and form many
small bars. Unloaded sediments protect the bank, and the low-power current brings a moderate erosion to the
bank, which forms a moderate to low sinuous channel in the midstream.
The downstream shows multistage erosional terraces in its relatively straight channels. After the midstream
water drops its load, it becomes “clear” and reaches downstream, the lower current power is helpless to
reform channel geometry. Thus, the downstream channel segment keeps a lower sinuous geometry, evenponding author.
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Role of ﬂood discharge in shaping stream geometry 85straight partially. Small amounts of ﬁne clastics are deposited, and simultaneously multistage terraces are
formed due to regressive ﬂood erosion.
This stream example demonstrates the subtleties of stream ﬂow and the importance of ﬂood discharge in
shaping the channel geometry. Although it is difﬁcult to scale up this example to a large river system that
carves geomorphic landscape, this case shows how river geometries vary from the traditional patterns due to
different gradient.
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(Bridge, 1993, 2003, 2006; Friedkin, 1945; Friend and
Sinha, 1993; Ielpi et al., 2014; Leopold and Wolman,
1957; Leopold et al., 1964; Rosgen, 1994; Schumm,
1968, 1977, 1981), Boggs (2012) summarized the fac-
tors that affect the sinuosity and braiding of channels,
namely, amplitude and variability of stream discharge,
slope gradient, grain size of sediment, bed roughness,
amount and type of sediment load (bed load vs. sus-
pended load), and stability of bank. However, “there is
as yet no completely satisfactory explanation of how
or why meanders develop” (Knighton, 1998), and “the
exact causes of meandering and braiding remain
somewhat obscure” (Boggs, 2012).
Among all the factors mentioned above, discharge
has gained more attention. However, a different
viewpoint exists about the inﬂuence of discharge on
stream geometry. By comparing the braided Yallahs
River with the narrower and the more sinuous Buff Bay
River (the latter's annual precipitation is similar to
that of Yallahs River but its ﬂoods occur less frequently
than that of Yallahs River), Schumm (1977) concluded
that rivers with high ratios of peak-to-mean discharge
are morphologically different from rivers with low ra-
tios, i.e., discharge variability favors braiding.
Leopold and Wolman (1957) regarded the amount and
variability of discharge as one factor, but they also
noted that braided, meandering, and straight channels
appear with all ranges of possible discharges. Bridge
(2003) agreed that discharge variability does not
signiﬁcantly affect the existence of different channel
patterns; however, “the degree of braiding and the
width/depth of channels increase as water discharge
is increased for a given slope and bed-sediment size,
or as slope is increased for a given water discharge and
bed-sediment size,” which means that discharge is nota main factor but a secondary factor that inﬂuences
river geometry. However, how important the role of
discharge is and how discharge inﬂuences river geom-
etry remain unclear.
An atypical small modern stream in the Uinta Basin
is found to consist of a meandering river channel, a
braided river channel, and a straight river channel as
its upstream, middlestream and downstream, respec-
tively. This river pattern indicates that channel ge-
ometry is mainly controlled by ﬂood discharge. The
study below will demonstrate that how subtle the ﬂood
discharge controls geometry.2. Geological settingThe Uinta Basin located in the northeast of Utah
State, USA (Fig. 1A), is part of the Colorado Plateau.
Uinta River, Duchesne River, White River, and Green
River incise the basin and meet at the gentle central
portion of the basin (Ramsey et al., 2009). The basin is
characterized by a semi-arid climate with an annual
precipitation of less than 15 in (about 381 mm; Gillies
and Ramsey, 2009). Aside from the main river valleys,
Pelican Lake, and some meadows, other areas devoid
of vegetation are covered with rock and loose weath-
ering products with little vegetation (Fig. 1). Thus, the
Uinta Basin is a typical semi-desert (Ramsey and West,
2009).
The coordinate of this river system is N40.23456,
W109.77799. The stream situated in the transition
area between a small highland and a river valley is
close to the pediment and lies on the alluvial plain with
a low gradient of 1e2 (Fig. 1B).
This small-scale stream is roughly 30 m long and
0.4e0.8 m wide. Its bank and bed consist of uncon-
solidated sand and mud. Thus, this ephemeral
stream is actually a natural small ﬂume experiment
model.
Fig. 2 The schematic diagram of the small modern river system. Black arrows represent the current directions.
Fig. 1 Location of the small modern river system. AeThe stream is located in the white rectangle near the Uinta and Duchesne river valley;
BeLarge view of the rectangle in A, and the white circle represents the stream lying on a modern alluvial plain close to a pediment. These
pictures were taken from Google Earth.
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Fig. 3 Depositional and morphological characteristics of the upstream. AeFull view of the upstream. The red line with an arrow represents
the thalweg and the current direction, and the areas encircled by a blue dashed line are the point bars; B, C, and DeThe enlarged images
show details of different parts in the upstream. The objects marked by white arrows are clayey gravels.
Role of ﬂood discharge in shaping stream geometry 873. Characteristics of the atypical streamAccording to the geometry and typical sedimentary
microfacies characteristics of the small stream, it is
informally divided into three segments, namely, up-
stream, midstream, and downstream, which represent
meandering, braided, and straight streams, respec-
tively (Fig. 2). Each segment has different morpho-
logical and depositional characteristics.
3.1. Upstream characteristics
The upstream consists of a sinuous single main
channel and a series of typical point bars (Fig. 3A). The
main channel has a sinuosity index of 2.27e2.45, which
is signiﬁcantly higher than the critical value of 1.5
between high and low sinuosity. According to thewidely-approved classiﬁcation of alluvial channel sys-
tem (Rust, 1978), this high-sinuous channel upstream
is a meandering stream (Fig. 3A).
Another typical characteristic of the upstream is
the point bar. At least ﬁve typical point bars are
distributed on both banks of the main channel (Fig. 3).
All point bars are crescent-shaped, and some exhibit
erosion and chute cutoff (Fig. 3B, C, and D), which are
typical microfacies of a meandering stream.
Aside from sand, which is the main sediment, only a
small amount of clayey gravels exist. Compared with
sand, gravel is rare and only sporadically distributed on
top of point bars and in channel (Fig. 3). The grain size
of gravel varies from 8 mm to 100 mm, which indicates
a poor sorting.
In this segment, both deposition and erosion are
the main geological processes. Deposition forms a
series of point bars; while strong erosion not only
Fig. 4 The midstream is characterized by braided channels and moderate-to-low sinuosity. It is less sinuous than the upstream, and
downstream becomes straighter. Channel bars developed well, and only a few point bars were preserved after current modiﬁcation. The blue
solid lines outline the point bars, and the blue dashed lines outline the terraces that result from slight current erosion during ﬂood dropping.
The main sediments are sandy clastics with some coarse sands and ﬁne-grained gravels on bar surface. The red line in A is the boundary
between upstream and midstream. A is split joint to B, and B is not split joint to C although C is located at the lower reach; D and E are
enlarged views in A and C, respectively.
88 G.-M. Hu et al.causes the collapse of cutbanks and lateral migration
of the main channel, but also substantially occurs to
some point bars and forms a chute cutoff (Fig. 3B, C,
and D).
3.2. Midstream characteristics
Different from the single and high-sinuous main
channel upstream, the midstream is highly braided and
has a moderate to low sinuosity of 1.05e1.10 (Fig. 4).
The braided channel system consists of braided
channels, channel bars, and point bars. Channel bars
are the primary sedimentary bodies occupying the
majority of space in this system. These bars are usually
separated by braided channels, and most of their
major axes cross the main current direction at a low
angle (Fig. 4A and C). A few point bars are developed
only at outstanding meanders. Although in similarscale as the upstream point bars, they are usually
modiﬁed by current (Fig. 4).
Sand is the primary component sediment, and a
few coarse sand and ﬁne-grained gravels are observed
on top of channel bars (Fig. 4C). However, coarser
clastics are not found. Compared with the upstream,
the midstream signiﬁcantly shows more consistent
grain size and better sorting.
In this segment, aside from the point bar lateral
accretion, many sandy clastics are stacked to form
channel bars, thus indicating that deposition is the
dominating process. Only a slight erosion occurs to
point bars and bank (Fig. 4A and B).
3.3. Downstream characteristics
To some extent, the downstream is a straight
channel. It is slightly sinuous and even partially straight
Fig. 5 Downstream is straighter than upstream and midstream, and is characterized by a series of erosional terraces and a few ﬁne-grained
clastic sediments. The blue dashed lines in A outline the erosional terraces. A and B are two separated slices in the downstream, and are not
jointed.
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downstream is almost empty except for a few ﬁne-
grained clastics (e.g. ﬁne-grained sand, silt, and
mud; Fig. 5), indicating a weak deposition. Multi-stage
erosional terraces occur (Fig. 5), showing that erosion
is the dominant geological process in this segment.
3.4. Comparison of different stream segments
According to the above description, the three
segments show distinct differences in channel geom-
etry, typical microfacies, grain size, and geological
process (Table 1), of which, the channel geometry
evolves from high-sinuosity upstream into moder-
ateelow-sinuosity midstream and then into slight-
sinuosity and even partially straight downstream.
Point bars and channel bars are typical microfacies
of meandering and braided streams, respectively.
Furthermore, combining sinuous geometrical
morphology and typical microfacies, it can ensure that
the upstream and midstream are separately
meandering and braided streams. Although no point
bars exist in the downstream, which is regarded as
typical microfacies of a straight stream (Miall, 1977), it
is also a simplest but relatively uncommon straight
stream (Nichols, 2009). Thus, along the current di-
rection, a meandering stream becomes a braided
stream and subsequently a straight stream.
In the upstream, the sediments are sand and spo-
radic clayey gravel (grain size of 8e100 mm). In the
midstream, it is sand with some coarse sands and ﬁne-
grained gravels. In the downstream, the main sedi-
ments are a few ﬁne-grained clastics (Table 1). Themean grain size becomes smaller, indicating a
decrease of stream power. In addition, the amplitude
of stream power also decreases according to a nar-
rower grain size range (Table 1). In other words,
stream power is “eruptive” in the upstream, “ﬂuctu-
ating” in the midstream, and “quiet” in the
downstream.
The dominating geological process in the three
segments is related to stream power characteristics. In
the upstream, bank erosion, and point bar deposition
both prevail. This ﬁnding implies that the “eruptive”
stream is so vigorous that it strongly alters channel
geometry. In the midstream, channel bar deposition
exceeds the erosion, thus indicates that stream power
decreases quickly during “ﬂuctuation”. The amount of
clastics is unloaded. When the current reaches the
downstream, the water with unloaded sediments be-
comes “clear.” Thus, the channel is almost empty, and
the “clear” water erosion forms common multi-stage
terraces in the relatively “quiet” stream.4. Main factors controlling the channel
geometryThe factors inﬂuencing channel geometry, as
mentioned at the beginning of this paper, are
discharge, slope gradient, sediment mean grain size,
bed roughness, amount and type of sediment load, and
stability of the channel bank (Boggs, 2012). In this
case, the slope gradient of the three segments is
1e2, and all the banks are unconsolidated (Figs.
3e5). The slope gradient and bank stability of the
Table 1 Comparison of characteristics of different stream segments.
Stream segments Upstream Midstream Downstream
Channel geometry High sinuous channel with
a sinuosity of 2.27e2.45
Moderately to lowly sinuous
braided channel with a sinuosity
of 1.05e1.10
Slightly sinuous to straight
partially
Typical microfacies A series of point bars Channel bars and a few modiﬁed
point bars
Lack of channel bars and point
bars whereas with common
multistage terraces
Grain size Sand and sporadic clayey gravels
with grain size of 8e100 mm
Sand, with some coarse sands and
ﬁne-grained gravels on bar surface
Fine-grained clastics (e.g., ﬁne-
grained sand, silt, and mud) as the
main sediments
Geological process Evident erosion in cutbank and
point bars, and point bars formed
in deposition process
Sandy clastics are stacked which
form many channel bars, and
slight erosion only modiﬁes point
bars and erodes bank.
Weak deposition process; obvious
erosion forms multistage erosional
terraces
90 G.-M. Hu et al.three segments almost exhibit no difference. Thus,
they are not the main factors controlling stream
geometry.
Grain size, bed roughness, and amount and type
of sediment load are not independent but interre-
lated (Boggs, 2012). The Hjulstr€om diagram modiﬁed
by Sundborg (1956) and a series of mud and sandFig. 6 In the upstream, a few ﬂood events incise the convex bank and po
dashed lines with arrows indicate the ﬂooding channels and current direlaunch formulas from hydraulic experiments (Shao
and Wang, 2013; Xu, 2013; Zhang and Liu, 2010)
indicate that sediment grain size is related to ﬂow
velocity, which represents stream power. In traction
current transportation, sand and gravel are usually
bed load, and mud and silt are suspended load. When
stream power increases, some bed load joins theint bar. The blue dashed lines mark the ﬂood boundaries, and the red
ctions.
Fig. 7 In the midstream, current marks indicate that the ﬂood overﬂowed the present bank to form a wider channel. Blue lines with arrow
show the ﬂood current direction.
Fig. 8 Flood erosion and plant anti-erosion. The point bar, bank, and bed are intensively eroded in the upstream. But sporadic plants
enhance some bank strength, defense ﬂood erosion, and even locally divert current direction.
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Fig. 9 Strong currents erode cutbank along the red dashed line and turns along the arrow. At the same time, clastics from the cutbank are
accreted to form point bars where the upstream becomes sinuous. The red arrows represent the current directions.
92 G.-M. Hu et al.suspended load, and vice versa. In addition, bed
roughness increases with grain size and stream power
(Bridge, 2003). Bridge (2003) argued that rivers with
large slopes and stream power transport a large
amount of (coarse) bed load and that the rivers with
a large suspended load are associated with a stable
and cohesive muddy bank, low stream gradient, and
stream power. A certain relationship exists between
stream power and grain size, bed roughness, and
sediment load. Aside from amplitude and variability,
stream power, which is determined by ﬂow velocity,
is also an important parameter to describe discharge.
Thus, stream discharge can inﬂuence grain size, bed
roughness, and sediment load. In this case, the dif-
ferences in grain size, bed roughness, and sediment
load among the three segments can be attributed to
the effect of discharge from ﬂoods.
Furthermore, the small stream's geological setting,
semi-arid semi-desert, and situation close to a pedi-
ment, which is similar to arid fan's setting, is in favor of
ﬂood occurrence, and the previously inferred hydro-
dynamic characteristics of “eruptive” upstream,
“ﬂuctuating”midstream, and “quiet” downstream are
also consistent with ﬂood discharge. Even more
important, the ﬁeld survey also veriﬁes that large-
scale and strong ﬂoods have also occurred. In the up-
stream, the scour surface and the ﬂooding boundaries
in the last meander (Fig. 6) are the traces left by
ﬂoods. The current marks (Fig. 7) in the midstream
indicate that the ﬂood surmounted the present bank to
form a signiﬁcantly wider channel. In the downstream,
the terraces (Fig. 5) that were formed by erosion
during ﬂood intermittent regression mark the bound-
aries of previous ﬂoods.5. Formation process of the atypical
streamBased on the survey on minor modern characteris-
tics and the analysis of hydrodynamic power, the for-
mation process of the stream can be reasonably
interpreted as follows:
1) Upstream ﬂood is characterized by a strong power.
Its intensive erosion provides a large amount of
clastics for deposition in the midstream and
downstream. Its lateral erosion and accretion
contribute to the sinuous geometry.
The larger the grain size is, the stronger the stream
power is. In the upstream, clayey gravel with a grain
size of 8e100 mm (Fig. 3) is transported, suggesting a
strong-power ﬂood. Comparably, the stream power is
much weaker in the midstream and downstream as no
coarse gravel is found in them.
Aside from transporting gravel, strong ﬂoods have
intensively eroded the banks, point bars, bed of main
channel, and chutes in the upstream (Figs. 3, 6 and 8).
The erosion degree far exceeds that in the midstream
and downstream (Figs. 4 and 5). The intensive erosion
produces a mass of clastics, most of which were
brought to the midstream and downstream except
some forming point bars in the upstream.
When the upstream ﬂood “erupts”, the strong
current intensively erodes the banks. Sporadic plants
root and enhance banks locally (Figs. 8 and 9; Davies
and Gibling, 2011; Tal and Paola, 2007). Therefore,
the current diverts and erodes the more friable part
Fig. 10 Flood accumulates at the last meander of the upstream rather than somewhere else to cut off the point bar and surmount the levee.
The red solid line with arrow represents the main channel and current direction, the red dashed line with arrow denotes the chute cutoff and
the current direction, and the blue dashed line signiﬁes the ﬂood boundary. BeG are the enlarged views in A (1e6), respectively. B and CeThe
channel is narrow, and no chute incises the point bar; DeThe channel is still narrow, but a small chute exists on the point bar; E and FeThe
ﬂood strongly cuts off the point bar to form a deep chute; GeThe ﬂood surmounts the levee to cut off the convex bank, and then a wide
channel is formed.
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94 G.-M. Hu et al.of the banks without plants (Figs. 8 and 9) and forms a
primary meander with a spiral ﬂow (Xu, 2013; Zhang
and Liu, 2010). Simultaneously, the spiral ﬂow
brings clastics from the attacked bank to other pla-
ces. Thus, the channel is migrated laterally and a
sinuous channel is produced. Multi-stage strong ﬂoods
will intensify the process and increase the sinuosity
index to 2.27e2.45.
2) The high sinuous geometry makes smooth drainage
difﬁcult, and ﬂood accumulates at the last meander
of the upstream (Fig. 10). Thus, the ﬂood cuts off
the point bar and even surmounts the levee.
Drainability in a high-sinuous channel is not as good
as that in a low-sinuous one; the more sinuous a
channel is, the slower the ﬂood drains (Ma et al., 2005;
Zhang and Liu, 1997; Zhang et al., 2000). When a
small-scale ﬂood occurs, the water level rises slightly.
When a larger-scale ﬂood “erupts”, a large amount of
water accumulates immediately at the last meander of
a high-sinuous channel. The water level rises quickly so
that the ﬂood cuts off point bars, even surmounts le-
vees, and scours out a temporal chute to enter the
midstream directly.
3) Surmounting levees and cutting off point bars widen
the channel and decrease the power. This situation
leads to the braided river formation in the
midstream.
In the upstream, when a ﬂood cuts off the point bar
and even surmounts the levee to incise a convex bank
(Fig. 10), the channel is widened suddenly and the
current power decreases quickly. Many clastics from
the upstream and provenance are unloaded in the
midstream. It forms many channel bars in the main
channel and a few point bars in some outstanding
meanders, which are eroded and modiﬁed during a
later ﬂood regression.
To some extent, the unloaded clastics protect the
bank from current erosion, which is weakened as cur-
rent power decreases. It contributes to form the less
sinuous midstream.
4) After the water drops its loads, it becomes “clear”
in the downstream. Small amounts of ﬁne-grained
clastics (e.g., mud, and silt) are deposited, and
multi-stage erosional terraces are formed during a
ﬂood intermittent regression. The deposition of
ﬁne-grained clastics indicates a weak current,
which cannot alter river geometry. Thus, the
downstream segment retains a slightly sinuous-to-
straight geometry.6. ConclusionsThe small modern atypical stream in the semi-arid
Uinta Basin is characterized by a meandering up-
stream, a braided midstream, and a straight down-
stream. To some extent, local vegetation, poor
drainage resulting from high sinuous channel, and
amount of sediment loads affect channel geometry.
Nevertheless, the dominating factor is ﬂood discharge.
With these factors, formation process of the atypical
stream is interpreted as follows:
1) Due to some local sporadic plants, the upstream
current builds an initial meander, a powerful cur-
rent strongly erodes the unconsolidated cutbank,
and clastics are laterally accreted to build point
bars, which produce a high-sinuous geometry.
2) At the last meander of the upstream, for a poor
drainage, the ﬂood accumulates to cut off the
point bar and even to surmount levees, which
widens the channel suddenly and decreases the
power quickly.
3) A large amount of clastics are unloaded in the
midstream to formmany channel bars. The unloaded
clastics that protect the bank and the current with a
low power make the channel moderately sinuous.
4) After unloading most of the clastics in the
midstream, the “clear” and weak current reaches
the downstream. It isn't strong enough to remake
the stream sinuosity. Minor ﬁne-grained clastics
deposit and multi-stage erosional terraces are
formed in a ﬂood regression.
This stream demonstrates the subtleties of stream
ﬂow and the importance of ﬂood discharge in shaping
river geometry. Although scaling this example to a
large river system that carves the geomorphic land-
scape is difﬁcult, these ﬁndings show how river ge-
ometries vary from the traditional patterns attributed
to gradients.
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